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ABSTRACT

Breast cancer (BC) remains one of the leading causes of cancer-related deaths among women
worldwide, largely attributable to its heterogeneity and capacity to evade immune surveillance.
Natural killer (NK) cells are essential effectors of the innate immune system, mediating early recog-
nition and destruction of malignant cells. However, BC employs multiple strategies to escape NK
cell-mediated cytotoxicity. These include downregulation of activating ligands, upregulation of in-
hibitory receptors, altered cytokine and chemokine signaling, and the immunosuppressive effects
exerted by the tumor microenvironment through stromal components and soluble mediators. This
review article assesses both the therapeutic potential and limitations of targeting these evasion
pathways. Finally, we discuss future directions in NK cell-based immunotherapy, including person-
alized approaches, advanced delivery systems, and combinatorial strategies aimed at promoting
NK-cell survival, tissue infiltration, and cytotoxic function against tumors. A clear understanding
of these evasion mechanisms is key to designing more effective treatments such as CAR-NK cells,
checkpoint inhibitors, and cytokine-based therapies to reactivate the functionality of NK cells and
improve clinical outcomes in breast cancer. This narrative review summarizes relevant studies iden-
tified through a structured search up to mid-2025, focusing on NK-cell biology, immune evasion,

and therapeutic applications in breast cancer.
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BACKGROUND

Breast cancer (BC) is often characterized as a multi-
faceted disease due to its pronounced heterogeneity,
which contributes to the emergence of diverse sub-
types that exhibit distinct biological characteristics
and responses to treatment . Heterogeneity mani-
fests at various levels, including genetic, epigenetic,
and phenotypic variations, which collectively drive
the development of biologically diverse tumor sub-
types and influence their therapeutic responses?.
The four subtypes of BC are classified according to
genomic and receptor profiling: Luminal A (PR+,
ER+, HER2-), Luminal B (PR+, ER+, HER2+), HER2-
enriched (PR-, ER-, HER2+), and triple-negative
breast cancer (TNBC; PR-, ER-, HER2-). Each sub-
type presents unique therapeutic challenges, partic-
ularly regarding recurrence and metastasis. Owing
to the complexity and adaptability of breast tumors,
conventional therapies often fail to achieve durable
remission. In recent years, immunotherapeutic ap-
proaches have gained significant attention as poten-
tial treatment strategies, especially for challenging
subtypes such as TNBC.

Natural killer (NK) cells have emerged as critical
components of the innate immune system, rec-
ognized for their capacity to mediate cytotoxic-
ity against tumor cells independent of antigen-
specific priming®. Despite this progress, our un-
derstanding of how breast cancer interacts with NK
cells remains limited. While current research has
largely emphasized adaptive immunity, focusing on
T-lymphocyte-driven mechanisms, innate immune
components—particularly NK cells—require further
investigation.

Although substantial progress has been made in un-
derstanding adaptive immune evasion in BC, the
mechanisms by which tumors specifically evade NK-
cell surveillance remain underexplored. Most cur-
rent immunotherapeutic strategies focus on T-cell
modulation, overlooking the unique challenges and
therapeutic opportunities associated with NK cells.
A comprehensive understanding of the dynamic
crosstalk between immune components and BC
cells, particularly the mechanisms through which
tumors evade NK-cell-mediated killing, is essential
for developing more effective immunotherapeutic
strategies. This review aims to address this gap by
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examining the key mechanisms utilized by BC to
escape NK-cell-mediated immune surveillance and
by exploring current and emerging strategies de-
signed to enhance NK-cell cytotoxicity for BC man-
agement. A summary of immune surveillance mech-
anisms in BC is presented in Figure 1.

TUMOR IMMUNOEDITING AND
NK CELLS IN BC

In breast cancer (BC), tumor immunoediting medi-
ated by NK cells is a complex process that modu-
lates immune surveillance and tumor progression.
Research has highlighted the essential functions of
NK cells in modulating immune activity in BC, par-
ticularly through mechanisms associated with tu-
mor immunoediting. This concept underscores the
cross-talk between immune and tumor cells, guiding
their evolution through three sequential phases—
elimination, equilibrium, and escape (Figure 2)*.
During the elimination phase, NK cells are activated
by cellular stress signals and tumor-derived ligands.
They exert cytotoxic effects by releasing perforin
and granzymes and secrete pro-inflammatory cy-
tokines, such as interferon-gamma (IFN-y), thereby
amplifying anti-tumor immunity.

In the equilibrium phase of immunoediting, tumor
cells that survive the initial immune attack enter a
state of dormancy, where their proliferation is bal-
anced by immune-mediated destruction. Together
with CD8T T cells and cytokines such as IFN-y, NK
cells help maintain this balance, exerting selective
pressure that modulates the tumor’s immunogenic
profile. The equilibrium phase is important because
it allows for the selection of tumor variants with re-
duced immunogenicity, enabling them to persist in
a latent state without overt progression®.

During the escape phase, transformed cells that
have gained immune-resistant features begin to
proliferate uncontrollably, leading to clinically de-
tectable disease. NK cell activity is often suppressed
during this phase, either through the suppression
of activating ligands, over-expression of inhibitory
molecules, or the influence of immunoregulatory el-
ements within the tumor microenvironment (TME),
including regulatory T cells, myeloid-derived sup-
pressor cells (MDSCs), and soluble factors like trans-
forming growth factor-p (TGF-B)®. These changes
collectively impair NK-cell-mediated cytolytic activ-
ity and immunomodulatory cytokine secretion, al-
lowing cancer cells to bypass immune recognition
and drive metastatic progression’.

In BC, NK cells are particularly important for iden-
tifying tumor cells that show reduced expression

of major histocompatibility complex (MHC) class 1
molecules, a common mechanism used to escape T-
cell-mediated immunity while concurrently expos-
ing them to NK-cell surveillance®. However, tumors
that survive NK-cell surveillance enter the equilib-
rium phase. During this phase, NK-tumor cell in-
teraction induces changes in the immune landscape
which leads to the selection of immune-resistant
variants with reduced immunogenicity®. NK cells
modulate the TME during this phase, helping to
suppress excessive tumor growth'®.  Eventually,
some BC cells acquire additional immune-evasive
traits, leading to the escape phase, during which
tumor variants develop mechanisms to avoid NK-
cell-mediated killing. These mechanisms include
shedding or down-regulating activating ligands, up-
regulating inhibitory ligands, or secreting immuno-
suppressive factors that impair NK-cell function.
This allows tumors to establish an immunosuppres-

sive TME and metastasize !

. Thus, understanding
the interaction between NK cells and tumors is es-
sential, as it highlights both their therapeutic poten-
tial and the mechanisms by which tumors evade the

immune system.

IMMUNE EVASION
MECHANISMS IN BC

Loss/Alteration in Antigen Presentation

Tumor immune evasion in BC is a multifaceted pro-
cess that profoundly affects antitumor immune re-
sponses, particularly those mediated by NK cells
and cytotoxic T lymphocytes (CTLs). BC cells often
escape immune surveillance by disrupting antigen
presentation, most commonly through loss or func-
tional alteration of major histocompatibility com-
plex class 1 (MHC-I) molecules. This alteration
diminishes the visibility of tumor cells to CTLs,
enabling immune escape through several mecha-
nisms, including genetic and epigenetic changes'?,
reduced antigen expression '3, and transcriptional
modulation'.  Although MHC-I-deficient cancer
cells evade T-cell recognition, they are generally
more susceptible to NK-cell-mediated cytotoxicity.
Nevertheless, certain BC cells still avoid NK-cell de-
tection owing to weak NK-cell activation and ex-
haustion ',

Some BC cells exploit a phenomenon termed selec-
tive MHC-I expression, in which they retain non-
classical MHC-1 molecules such as HLA-E and HLA-
G while down-regulating classical MHC-1'. En-
gagement of these non-classical molecules with in-

hibitory receptors, including NKG2A and LILRBT,
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Figure 1: Breast Cancer Inmune Evasion Mechanisms Targeting NK cells. Activating receptors on NK cells,
such as NKG2D, DNAM-1, CD16, NKp46, and NKp30, typically recognize and bind to ligands (MICA/B, CD155, B7-
H6/BAG6) on breast cancer cells, triggering NK cells activation and cytotoxicity. BC cells shed activating ligand,
MICA/B (sMICA/B) to downregulate NK cells receptors and upregulate inhibitory ligands such as HLA-E and HLA-
G to engage inhibitory NK cells receptors like NKG2A and KIRs, respectively. Breast cancer cells express immune
checkpoint ligands (PD-L1, CD155, Galectin-9, HMGB1, MHC Class Il, CEACAM1) that bind to their corresponding
inhibitory receptors on NK cells (PD-1, TIGIT, Tim-3, Lag-3), leading to suppressed NK cells function, reduced cyto-
toxicity, and decreased IFN-y production. The tumor microenvironment, populated by immunosuppressive cells
like MDSCs, TAMs, and CAFs, further contributes to evasion by secreting inhibitory cytokines such as TGF-8 which
downregulates NKp30 and NKp46, creating an immunosuppressive microenvironment that impairs NK cells anti-

tumor responses. Created in https://BioRender.com .

A diagram of cell division Al-generated content may be incorrect.

suppresses NK-cell activation and protects the tu-
718 In addi-
tion, defects in the antigen-processing machin-
ery (APM)—for example, loss of TAP1/2 or p2-

microglobulin—impair peptide transport and load-

mor from NK-cell-mediated lysis

ing onto MHC-I, thereby reducing tumor im-
munogenicity . Epigenetic silencing by DNA
hypermethylation can likewise decrease the ex-
pression of MHC-I and related regulatory path-
ways; importantly, these changes are potentially
reversible with DNA methyltransferase inhibitors
(DNMTis)?°.  Treatment with DNMTis such as
guadecitabine, 5-azacytidine, or decitabine has been
shown to restore MHC-I expression in BC?'. More-
over, combining DNMTis with pro-inflammatory
cytokines (e.g., TNF-a or IFN-y) or disabling NF-kB

pathway inhibitors such as TNIP and N4BP1 further

enhances MHC-I expression in BC cells22,23 24,

Alterations in NK Cell Receptors and
Ligands

NK cell activity is tightly controlled by a dynamic
equilibrium between stimulatory and inhibitory sig-
nals, which are mediated through multiple receptors
that detect both human leukocyte antigen (HLA)
and non-HLA ligands on the surface of target cells,
including tumor cells in breast cancer (BC). Disrup-
tion of this balance, particularly in the tumor mi-
croenvironment (TME), significantly reduces NK cell
cytotoxic activity and eventually leads to immune

evasion.
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Figure 2: Tumor Immunoediting in Breast Cancer. The dynamic process of tumor immunoediting in breast
cancer, comprising three key phases: elimination, equilibrium, and escape. During the elimination phase, trans-
formed cells derived from healthy tissue are recognized and destroyed by the immune system, involving cytotoxic
CD8™ Tcells, CD4™ T cells, dendritic cells (DCs), and natural killer (NK) cells, which release effector molecules such
as IFN-y and granzyme B. In the equilibrium phase, residual tumor cells persist in a dormant state under contin-
uous immune pressure, primarily maintained by CD4" T cells and NK cells. In the escape phase, tumor cells ac-
quire immune-evasive properties, aided by immunosuppressive cytokines (e.g., IL-6, TGF-B, TNF-a), and inhibitory
molecules such as PD-L1. Immunosuppressive cells including regulatory T cells (Tregs), myeloid-derived suppres-
sor cells (MDSCs), and M2-polarized macrophages (M2) contribute to the suppression of cytotoxic responses. Sol-
uble mediators like PGE2, indoleamine 2,3-dioxygenase (IDO), and galectins further support immune evasion,
leading to tumor progression and metastasis. Created in https://BioRender.com .

A diagram of cancer cells Al-generated content may be incorrect.
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NK Cell Activating Receptors
Non-HLA-specific
the natural cytotoxicity receptors (NCRs) NKp46,
NKp30 and CD16 (FcyRIIl), as well as Natural
Killer Group 2D (NKG2D) and DNAX accessory
molecule-1(DNAM-1). In addition, certain killer cell
immunoglobulin-like receptors (KIRs) and Natural
Killer Group 2, member C (NKG2C) serve as HLA-
specific activating receptors that promote NK cell

activating receptors include

effector functions upon engagement. In BC, these
activating receptors are frequently down-regulated,
specifically in tumour-infiltrating NK cells (Ti-NKs).
Expression of NKG2D and NKp30 is reduced, which
has been closely associated with impaired cytotoxic
activity and poor immune surveillance, largely
driven by immunosuppressive cues within the TME,
highlighting the TME-mediated regulation of NK
cell function and limiting antitumour responses in
breast cancer?,2°. Furthermore, tumour-derived
podocalyxin-like protein-1 (PCLP1), a CD34-family
glycoprotein, has been shown to down-regulate
the expression of activating receptors, leading to
reduced NK cell activity and further hindering NK
cell cytotoxicity in BC?7.

NK Cell Inhibitory Receptors

Counterbalancing these activating signals are sev-
eral inhibitory receptors exploited by tumour cells
to evade immune destruction. A key example is
Natural Killer Group 2, member A (NKG2A), a C-
type lectin-like receptor that forms a heterodimer
with CD94 and interacts with its ligand HLA-E, a
non-classical MHC class | molecule with limited
polymorphism, thereby suppressing NK cell activ-
ity?®. Upon ligand engagement, immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) in NKG2A
recruit phosphatases such as SHP-1, which suppress
downstream activation pathways and inhibit NK
cell cytotoxic function?,

In the BC TME, both NKG2A and HLA-E are com-
monly up-regulated. Over-expression of HLA-E
is driven by tumour cells and tumour-associated
subsets, including CD1417 conventional dendritic
cells (DCs) and tumour-associated macrophages
(TAMs)3. This widespread expression enables tu-
mour cells to engage NKG2A-expressing NK cells
and deliver inhibitory signals that suppress NK cell
activation, degranulation and cytokine production.
Notably, Ti-NKs exhibit significantly higher levels
of NKG2A compared with their circulating counter-
parts, suggesting that the TME promotes the up-
regulation of inhibitory receptors to facilitate im-

mune evasion ',

NK Cell Activating Ligands

MHC class I-related chain A and B (MICA/B)
and UL16-binding proteins (ULBPs) are important
stress-induced ligands that engage the activating
receptor NKG2D on NK cells.
on tumour cells typically marks them for immune-

Their expression

mediated elimination. However, in BC, the expres-
sion of MICA/B is often down-regulated3?. The
primary down-regulation mechanism of these lig-
ands involves microRNAs (miRNAs), particularly
those from the miR-17-92 cluster. Notably, miR-
20a and miR-93, which regulate MICA/B, target the
3’-untranslated region (3'-UTR) of MICA/B mRNA,
leading to transcript degradation and reduced pro-

tein expression 3.

This post-transcriptional sup-
pression diminishes NK cell activation, impairs NK
cell-mediated cytotoxicity and enhances tumour
growth, migration and invasion, thereby facilitating

BC progression and metastasis>*.

NK Cell Inhibitory Ligands

In parallel, BC cells often up-regulate inhibitory lig-
ands that bind to NK inhibitory receptors. HLA-E,
a non-classical MHC class | molecule, acts as an in-
hibitory ligand that binds to the inhibitory recep-
tor NKG2A, transmitting inhibitory signals through
ITIMs that suppress NK cell activation and block NK
cytotoxicity 3.

Moreover, alterations in the expression of another
inhibitory ligand, HLA-G, in BC have been linked
to reduced survival rates and an increased capacity
of tumours to evade immune surveillance. HLA-G
binds both KIR2DL4 and LILRB1 (at lower levels),
initiating complex signalling that suppresses NK ef-
fector functions. KIR2DL4 contains both activating
and inhibitory motifs, modulating NK cell activity
depending on the context of HLA-G engagement 3¢.
The molecular mechanisms underlying HLA-G over-
expression in BC remain incompletely elucidated.
To investigate this, Zhang et al. (2019)%7 conducted
a study using MCF-7 BC cells in which they induced
epigenetic modification, specifically DNA demethy-
lation in the HLA-G promoter region, by target-
ing DNMT and TET enzymes with DMOG, a non-
specific 2-oxoglutarate (2-OG)-dependent dioxyge-
nase inhibitor. This process suppressed NK cell cy-

totoxicity and contributed to BC progression 3°.

Expression of immune checkpoint
molecules

Immune checkpoints control immune system ac-

tivity, acting as gatekeepers that enable NK cells
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to modulate their function by preventing exces-
sive activation. Checkpoints such as programmed
death-1 (PD-1), cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4), T-cell immunoglobulin and
mucin domain-3 (TIM-3), lymphocyte activation
gene-3 (LAG-3) and T-cell immunoglobulin and ITIM
domain (TIGIT) maintain immunological homeosta-
sis and preserve self-tolerance.

Programmed death-1 (PD-1)

The inhibitory receptor PD-1 is best known for
modulating T-cell responses; however, it is also
up-regulated on tumour-infiltrating NK cells (Ti-
NKs) in breast cancer (BC) under the influence
of immunosuppressive cytokines such as IL-10 and
TGF-B within the tumour microenvironment (TME),
and is associated with an exhausted NK pheno-
type38.
and PD-L1, which is frequently over-expressed by

Interaction between PD-1 and its lig-

BC cells, tumour-associated macrophages (TAMs)
and myeloid-derived suppressor cells (MDSCs), sup-
presses NK-cell cytotoxicity and cytokine secretion,
allowing tumour cells to evade immune destruc-
tion3°. PD-1 expression on human NK cells has sim-
ilarly been linked to immune escape in melanoma,
lung, pancreatic, bladder and ovarian cancers .

In early-stage BC, PD-1 is often co-expressed with
other checkpoints, including CTLA-4, particularly
on CD16TCD56dim NK cells, suggesting a coordi-
nated mechanism of immune evasion in aggressive
subtypes such as HER2-positive or highly prolifer-
ative tumours*’. Pro-inflammatory mediators, no-
tably IFN-y, further augment PD-L1 expression in
the TME, thereby amplifying PD-1-mediated sup-
pression. Humanised mouse models (hu-CB-BRGS)
of triple-negative BC (TNBC) demonstrate that PD-
1blockade can restore NK-cell function and promote

tumour regression*!.

Cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4)
CTLA-4 is an immune checkpoint receptor mainly
expressed on activated T cells and regulatory T
cells (Tregs), where it inhibits activation by com-
peting with CD28 for CD80/CD86 binding*?. Al-
though CTLA-4 expression on NK cells is contro-
versial, some studies indicate that IL-2 stimulation
can induce its expression concomitant with IFN-y
production®?, CTLA-4 expression on CD8" tumour-
infiltrating lymphocytes in BC has been correlated
with favourable outcomes in luminal A and B sub-
3

types™®. Intriguingly, higher CTLA-4 levels are de-

tected more frequently in younger patients and in

advanced-stage disease, implying a complex role in

anti-tumour immunity .

T-cell immunoglobulin and mucin
domain-3 (TIM-3)

TIM-3 is an inhibitory receptor expressed on mul-
tiple immune subsets, including NK cells*. It is
considered a marker of NK-cell maturation; the
cytotoxic CD56dimCD161 subset displays higher
TIM-3 levels than the immature CD56bright pop-
ulation, typically acquired together with killer-cell
Under
chronic stimulation in the TME, persistent TIM-3

immunoglobulin-like receptors (KIRs)*2.

up-regulation on Ti-NKs is associated with dimin-
ished cytotoxicity, reduced IFN-y production and, in
some contexts, apoptosis, particularly in BC*.

TIM-3 mediates inhibition through several ligands—
most prominently Galectin-9 (Gal-9), but also phos-
phatidylserine (PtdSer), high-mobility-group box-
1 (HMGB1) and carcinoembryonic-antigen-related
cell-adhesion molecule-1 (CEACAM-1)—all of which
trigger immunosuppressive cascades that disrupt
NK-cell 46 47 Pro-inflammatory cy-
tokines such as IL-2, IL-15 and IL-18, abundant in in-

flamed or tumourigenic tissues, further up-regulate
48 49
.

activation

TIM-3, particularly on immature NK cells
In early-stage BC, elevated TIM-3 on tumour-
infiltrating lymphocytes correlates with increased
PD-1 and PD-L1 expression, underscoring a cooper-

ative mechanism of immune evasion>’.

T-cell immunoglobulin and ITIM domain
(TIGIT)

TIGIT (also known as WUCAM, Vstm3 or VSIGY) is
an inhibitory receptor present on NK cells, CD8"
T cells and Tregs (Zhang et al., 2023). In BC,
TIGIT engages its high-affinity ligand CD155 (po-
liovirus receptor, PVR), which is over-expressed on
tumour and antigen-presenting cells in the TMES!.
This interaction initiates inhibitory signalling that
suppresses NK-cell activation, cytokine release and
tumour lysis*.  TIGIT contains both an ITIM
and an ITT-like motif; following CD155 binding,
phosphorylation recruits SH2-domain phosphatases
such as SHIP-1, thereby interfering with PI3K and
MAPK pathways®2. The adaptor B-arrestin-2 fur-
ther links phosphorylated TIGIT to SHIP-1, inhibits
TRAF6 auto-ubiquitination and attenuates NF-«kB
signalling, resulting in reduced IFN-y production3,
Consequently, NK-cell cytotoxicity, IFN-y/TNF-a
secretion and degranulation (CD107a) are dimin-
ished.
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TIGIT also promotes suppression by out-competing
the activating receptor DNAM-1(CD226) for CD155
binding?®. In patients with advanced BC, tumour
cells frequently over-express CD155, whereas NK
cells exhibit increased TIGIT and decreased CD226,
leading to an exhausted phenotype>*. In TNBC,
high TIGIT expression on CD8" and CD4™ TILs cor-
relates with poor immune responses, highlighting
TIGIT as a promising immunotherapy target>®.

Lymphocyte activation gene-3 (LAG-3)
LAG-3 (CD223) is a transmembrane protein of
the immunoglobulin superfamily with potent in-
hibitory effects on T-cell immunity. Besides acti-
vated CD4T/CD8" T cells, LAG-3 is expressed on
NK cells, Tregs, B cells, invariant NKT cells, dendritic
cells and TILs%". By binding MHC class 1l molecules
with higher affinity than CD4, LAG-3 negatively reg-
ulates immune responses®. Although its function
in NK cells is less defined, emerging evidence sug-
gests that chronic activation, as in cancer, may up-
regulate LAG-3 and dampen NK-cell effector func-
tions.

Activation of signalling pathways

Breast cancer (BC) cells exploit oncogenic signalling
pathways that impair natural killer (NK)-cell recog-
nition and function. These pathways modulate the
expression of ligands for the activating NK-cell re-
ceptor NKG2D (MICA/B) and suppress NK-cell ef-
fector functions, thereby enabling tumour immune
evasion.

HER2/HER3-mediated activation of
PI3K/AKT and RAS/MAPK pathways

Alimandi et al. (1997) demonstrated that stimula-
tion of HER2/HER3 heterodimers by neuregulin-18
(NRG1B) leads to increased expression of MICA/B
via downstream activation of both PI3K/AKT and
RAS/MAPK pathways in the BC cell lines T-47D and
MDA-MB-453. Although increased MICA/B expres-
sion should enhance NK-cell-mediated cytotoxicity
via NKG2D engagement, tumour cells circumvent
recognition by releasing soluble forms of MICA/B
through proteolytic shedding. HER3 is also critical
to this axis, as its knock-down significantly reduces
NRG1B-induced MICA/B up-regulation .

PI3K/AKT-driven inactivation of GSK-3(

In addition to regulating MICA/B, the PI3K/AKT sig-
nalling axis contributes to NK-cell dysfunction asso-
ciated with metastatic progression via the inactiva-
tion of glycogen synthase kinase-38 (GSK-3p). AKT

phosphorylates GSK-3f at Ser9, leading to increased
accumulation of reactive oxygen species (ROS) in
BC cells. This subsequently reduces the phospho-
rylation of elF2B at Ser535, a translation-initiation
factor required for the expression of NKG2D and
its ligands, including MULT-1 and RAE-1. Reduced
expression of these molecules limits NK-cell recog-
nition and cytotoxicity in BC. Conversely, studies
have shown that active GSK-3B maintains higher
Ser535-phosphorylated elF2B levels and promotes
the expression of NKG2D ligands, thereby enhanc-
ing NK-cell-driven tumour surveillance®’, %8,
Impact of the Tumor Microenvironment
(TME) on Immune Responses

Matrix Metalloproteinases (MMPs)

In breast cancer, NK cells display both anti-tumor
activity and, in some cases, pro-tumor functions,
highlighting their complex role in disease progres-
sion. CD56brightCD16+ NK cells have been shown
to promote tumor progression by secreting matrix
metalloproteinase-9 (MMP-9) and pro-angiogenic
factors such as vascular endothelial growth factor
(VEGF) and angiogenin, thereby driving angiogen-
esis in breast cancer (BC) and immune suppres-
sion through the expansion of regulatory immune
cells, impairment of T-cell infiltration, and induc-

tion of T-cell exhaustion>?,0,

Metalloproteinases
such as ADAM17 can be activated by cytokine stim-
ulation (e.g., IL-2 and IL-15), cleaving CD16 from
NK-cell surfaces. This shedding impairs antibody-
dependent cellular cytotoxicity (ADCC), weakening

NK-mediated tumor surveillance ®', %2,

Cancer-Associated Fibroblasts (CAFs)

As key stromal cells within the BC TME, cancer-
associated fibroblasts (CAFs) often impede NK-cell
infiltration and activity®, primarily through se-
cretion of immunosuppressive mediators such as
TGF-B, which down-regulates NK-cell receptor ex-

pression and effector functions®.

They also re-
duce production of cytotoxic molecules (perforin,
granzyme B) and inhibit IFN-y synthesis via the
SMAD3-T-BET signalling axis. CAFs induce miR-
183, which suppresses DAP12°%, and locally produce
Dickkopf-related protein-1 (DKK1), a Wnt-pathway

66 67 In ad-

antagonist that attenuates NK activity
dition, CAFs remodel the extracellular matrix via
CXCL12/SDF-1and MMPs, collectively creating bar-

riers to NK-cell trafficking and cytotoxicity 8.
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Myeloid-Derived Suppressor Cells
(MDSCs)

MDSCs within the BC TME exert potent immuno-
suppression through the release of IL-6, IL-10 and
TGF-B, which impairs the function of immune cells,
includinchellng,70 and NK cells”',72, and through
the generation of reactive oxygen/nitrogen species
(ROS/RNS)®0. This biochemical suppression is rein-
forced by cellular crosstalk that down-regulates key
NK-cell activation receptors, such as NKG2D and
CD247, an essential signalling subunit of NKp30,
NKp46 and FcyRIII/CD16. Co-culture experiments
have shown that MDSC-NK-cell interactions re-
sult in diminished NK-cell degranulation capacity
and reduced IFN-y secretion’3.
way involved in immature MDSC-mediated sup-

A central path-

pression is the STAT3 signalling cascade, which
drives NF-kB-dependent production of indoleamine
2,3-dioxygenase (IDO), an immunosuppressive en-
zyme that suppresses NK-cell proliferation and cy-
totoxicity. Studies in murine models have shown
that STAT3 inhibition restores NK-cell activation
markers—including NKG2D, CD69, FasL, granzyme
B, perforin and IFN-y—and reduces tumor progres-
sion in BC74,75.

Tumor-Associated Macrophages (TAMs)
TAMs constitute a major component of innate
immune infiltrates in the solid-tumor TME and,
in BC, can polarize into two principal pheno-
types: pro-inflammatory, tumor-suppressive M1-
like macrophages, and immunosuppressive, tumor-
promoting M2-like macrophages’®. In TNBC, M2-
like TAMs are linked to enhanced tumor-cell pro-
liferation, metastatic potential and poor prognosis
(59.0 % vs 40.4 %, p = 0.02)°0,7°. They secrete IL-
10, TGF-B, chemokines (CCL2, CCL17, CCL22), pro-
angiogenic molecules such as VEGF-A, and matrix-
remodelling enzymes, thereby facilitating tumor in-
vasion, angiogenesis and metastasis’’. Similarly,
epidermal growth factor receptor (EGFR) signalling
supports macrophage recruitment and polarization,
reinforcing immunosuppression in the TME78,7,

Secretion of immunosuppressive
molecules

Immunosuppressive molecules, also known as im-
munomodulatory molecules, are a heterogeneous
group of soluble mediators derived from multiple
cellular sources that modulate the immune microen-
vironment by balancing stimulatory and inhibitory
signals. However, in breast cancer (BC) their pro-
duction is often co-opted by tumour cells and other

stromal components to evade immune surveillance
and to create an environment conducive to tumour
growth (Table 1).

Transforming Growth Factor-Beta, TGF-f3

TGF-f acts at multiple levels: it down-regulates ac-
tivating receptors such as NKG2D and NKp30 on NK
cells®%; induces metabolic exhaustion characterised
by mitochondrial dysfunction and reduced glycoly-
sis, linked to impaired mTOR signalling, especially
in metastatic seﬁing581,82,83; and thereby weakens
tumour—NK-cell interactions, limiting NK-cell acti-
vation in advanced BC. TGF-B also inhibits IFN-y
production® and promotes the recruitment of im-
munosuppressive cells, providing an effective escape
mechanism for BC®. In metastatic BC, elevated sys-
temic and local TGF-f correlates with impaired NK-
cell bioenergetics, rendering them ineffective in tu-

mour lysis 2,85,

Interleukin-10, IL-10

IL-10 is a cytokine with complex, sometimes contra-
dictory, roles in cancer immunity. Although gen-
erally immunosuppressive and associated with poor
clinical outcomes in BC®°, it also shows anti-tumour
potential.  IL-10 inhibits angiogenesis by down-
regulating pro-angiogenic factors such as VEGF,
IL-6, TNF-oc and MMP-9%7.

ies indicate that IL-10 can enhance NK-cell acti-

Experimental stud-

vation and cytolytic activity in a dose-dependent
manner, thereby promoting target-cell destruction.
Conversely, systemic IL-10 administration in wild-
type mice suppresses antigen-specific immune re-
sponses, blunting the broader adaptive response®.
This includes suppression of key cytokines such as
IL-2 and IFN-y, both of which are essential for NK-

cell functional activation®.

Interleukin-15, IL-15

IL-15 generally promotes NK-cell-mediated cyto-
toxicity, antibody-dependent cellular cytotoxicity
(ADCC) and cytokine production. It up-regulates
activating receptors (e.g., NKG2D, NKp46) and cy-
tolytic molecules (perforin, granzyme B, TRAIL)
within the BC tumour microenvironment®,°.
Through the IL-2RB (CD122) and yc receptor sub-
units, IL-15 activates the JAK/STAT pathway. By
limiting expression of the pro-apoptotic protein Bim
and sustaining Mcl-1 expression—processes that in-
volve Erk1/2 activity and the transcription factor

Foxo3a—IL-15 preserves NK-cell viability in BC%2,%3.
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Table 1: Inmunomodulatory Molecules Facilitating Immune Escape of Breast Cancer Cells from NK Cell

Surveillance
Cytokine Tumor-
Derived or
TME-Derived
Source
TGF-B Tumor cells,

IL-10

IL-8

(CXCLS)

IL-1p

IL-2

IL-15

IL-33

IL-18

Tregs, MDSCs

Tregs, TAMs,
B cells

Tumor cells,
CAFs, TAMs

Tumor cells,
stromal cells

Tumor cells,
TAMs

CD4+ T cells,
dendritic cells

DCs,
monocytes

Tumor
microenviron-
ment

Tumor
microenviron-
ment

NK Cell
Evasion

Strategy

Receptor
downregula-
tion,
functional re-

programming

Immune
suppression
via cytokine
antagonism

STAT3-driven
immune

escape

Recruitment
of suppressor
cells

Pro-tumoral
inflammation

Deprivation of
NK survival

signals

Disrupted
homeostatic

signaling

Unclear role

Checkpoint-
mediated

suppression

Mechanism of
Action

Suppresses NKG2D,
NKp30 expression;
induces NK — ILC1
phenotype; inhibits
mTOR/IFN-y
signaling
Inhibits IFN-y and
TNF-a release;
suppresses
antigen-presenting
cell function

Activates STAT3 in
NK cells —
inhibition of

granule exocytosis;

promotes
Treg/MDSC
expansion

Attracts MDSCs

and neutrophils;

modulates TME
chemotaxis

Drives chronic
inflammatory TME;
suppresses effective
NK-TME interaction

Low IL-2 impairs
NK proliferation
and persistence in
TME

Activates P13K and
MAPK pathway;
mediates ADCC,

release of perforin
and granzymes

Induces IFN-
production,
increases PD1/PDL1
expression,
suppresses NK
cytotoxicity
Induces IFN
production,
increases PD1/PDL1
expression,
suppresses NK
cytotoxicity

Functional
Consequence

Loss of
cytotoxicity;
impaired IFN-y
secretion;
metabolic
exhaustion

Dampened
immune
stimulation and
NK cell

responsiveness

Immune
suppression;
reduced

degranulation

Indirect NK
inhibition via
myeloid
infiltration
Dysregulated
inflammation,
reduced NK
efficacy
Poor expansion

and longevity of
NK cells

Weak
activation, low
IFN-y, impaired

cytotoxicity

NK inhibition
via checkpoint
induction

Suppressed NK
activity

Alteration
in Breast
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1

Elevated

]
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TNF-a Tumor cells, Pro-tumoral in Induces chronic Promotes tumor 1
NK cells chronic setting NF-kB activation; progression; Elevated 104
upregulates inhibits effective
suppressive surface NK response
ligands
IFN-y NK cells, T Feedback Chronic IFN-y Upregulation of ~ Context-
cells suppression exposure induces immune dependent 105
by tumor PD-L1 expression checkpoints; 1
on tumor cells; desensitization
enhances of NK
immunosuppressive cytotoxicity
feedback loop
VEGF Tumor cells, Immune Suppresses NK Spatial 1
endothelial privilege infiltration and exclusion and Elevated 106
cells through function via functional
angiogenesis vascular suppression of
remodeling; NK cells
promotes MDSCs
PGE2 Tumor cells, Suppression Downregulates Impaired 1
CAFs, NK cells via EP2/EP4 IL-2-mediated LAK cytotoxicity, Elevated LOZAICE
signaling activity; suppresses reduced
IFN-y and TNF-a cytokine release
via EP2/EP4;
reduced NK

activating receptors
perforin/granzyme
release

TME-Tumour Microenvironment, | Elevated, | Reduced, «<>/Altered

Interleukin-6, IL-6

IL-6 impairs NK-cell function via STAT3 activa-
tion and promotes oncogenesis through epithelial-
mesenchymal transition (EMT) in ER-positive BC.
IL-6 production is often triggered by I L-1B, which
is over-expressed in luminal-type BC subtypes that
6'°". STAT3 activa-
tion down-regulates natural cytotoxicity receptors

otherwise do not secrete IL-

(NCRs) on NK cells, reducing tumour-killing ca-
pacity®3,%7. IL-6 not only fosters chronic inflam-
mation but also expands MDSCs, which inhibit T-
cell activity and secrete additional immunosuppres-
sive mediators, forming a feedback loop that further
suppresses NK-cell function and accelerates tumour

progression °°.

Prostaglandin E2, PGE2

PGE2, a bioactive lipid synthesised by cyclo-
oxygenase-2 (COX-2) in both immune and tu-
mour cells, leads to NK-cell suppression within the

t1%%, 1t reduces IL-2-driven

BC microenvironmen
lymphokine-activated killer (LAK) cell activity via
the EP2 receptor, one of four G-protein-coupled

PGE2 receptors ''°. Activated NK cells normally se-

crete IFN-y to promote anti-tumour immunity; how-
ever, selective EP2 activation with agonists such
as butaprost diminishes IFN-y production by 66 %,
whereas EP4 agonism produces an even greater
(86 %) inhibition 197 111,
lasts (CAFs) secrete higher levels of PGE2 than nor-

mal fibroblasts—particularly in response to NK-cell
108 112

Cancer-associated fibrob-

presence—creating an inhibitory loop

HYPOXIA AND THE TUMOR
MICROENVIRONMENT

Hypoxia—a state of reduced oxygen availability—is
a hallmark of the tumor microenvironment (TME) in
breast cancer (BC) and other solid malignancies. It
arises from the rapid proliferation of tumor cells to-
gether with a disorganized, inefficient vascular net-
work that cannot satisfy their increased metabolic
demand '3,

multiple cellular pathways and stimulates angio-

This oxygen deprivation modulates
genesis, invasion, and immune evasion. Natural
killer (NK) cells are particularly sensitive to hypoxic
stress; under such conditions, they undergo pro-
found metabolic reprogramming that compromises
their viability, proliferation, and cytotoxicity **.
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Studies have demonstrated that hypoxic condi-
tions down-regulate critical NK activating recep-
tors, thereby directly impairing NK-mediated cy-
totoxicity ®>,°%.  Another key immunosuppressive
mechanism involves the adenosine pathway: hy-
poxia up-regulates CD73, an ecto-nucleotidase that
converts extracellular ATP into adenosine which
subsequently accumulates within the TME. Adeno-
sine then binds to A2A receptors (A2ARs) ex-
pressed on NK cells, initiating a cascade of in-
hibitory signals that reduce the secretion of per-
forin, granzymes, and cytokines like IFN-y®°. More-
over, hypoxia increases the expression of matrix
metalloproteinase-7 (MMP-7) in tumour-associated
macrophages (TAMs); MMP-7 cleaves Fas ligand
(FasL) on NK cells, further impairing their cytotoxic

capacity against BC 190,

NK-BASED
IMMUNOTHERAPEUTIC
APPROACHES IN BREAST
CANCER

Immune Checkpoint Blockade (ICB)
PD-1/PD-L1 Blockade

Emerging studies underscore the promise of im-
mune checkpoint blockade (ICB) in rejuvenating
PD-1/PD-L1 inhibition with
anti-PD-1 and anti-PD-L1 monoclonal antibodies

exhausted T cells.

(mAbs) also enhances NK-cell-mediated antitumor
responses in breast cancer (BC)*,'%2. The IgG1
anti-PD-L1 mAb avelumab has been shown to en-
hance NK-cell functionality, particularly in triple-
negative breast cancer (TNBC), by promoting the
production of cytokines such as IFN-y and TNF-a. It
also mediates antibody-dependent cellular cytotox-
icity (ADCC), and its efficacy is linked to PD-L1 ex-
pression levels, which correlate with increased ther-

apeutic sensitivity 103,104 1105 106

TIM-3 and TIGIT Blockade

TIM-3 is an emerging immune checkpoint receptor
whose function is comparable to that of PD-1 and
CTLA-4 and represents a novel immunotherapeutic
target in BC 4,15, Blocking TIM-3 with antibod-
ies such as MBG453 or TSR-022 has shown preclin-
ical promise by restoring NK-cell proliferation, per-
sistence, and cytotoxicity 1'%, 17. In addition, TIM-3
inhibition synergizes with other checkpoints, such
as PD-1 blockade, suggesting that dual checkpoint
inhibition may elicit a more robust NK-cell-based
immune response against BC '8,

Another important checkpoint is TIGIT. Inhibitors
of TIGIT are currently undergoing phase I/l clini-
cal evaluation (e.g., NCT05867771). The bispecific
antibody PM1022, which targets TIGIT and PD-L1,
exerts multipronged antitumor effects by (i) deplet-
ing suppressive Tregs, (ii) mobilizing myeloid effec-
tor functions, and (iii) enhancing NK- and T-cell-

mediated cytotoxicity 1.

NKG2A Blockade

NKG2A has emerged as another actionable check-
point. Monalizumab, a first-in-class anti-NKG2A
antibody, can reverse HLA-E-mediated inhibition
and thereby enhance NK-cell function. Early clin-
ical evaluation of monalizumab (NCT04307329) in
HER2-positive BC suggests potential benefit, par-
ticularly in combination with trastuzumab, by aug-
menting NK-cell-mediated ADCC and overcoming
resistance mechanisms. Consequently, the NKG2A-
HLA-E axis represents a promising, druggable
checkpoint pathway for NK-based immunotherapy
in BC 120121,

Antibody-Based Therapy

Recent advances highlight the potential of the afu-
cosylated anti-HER2 antibody H2Mab-77-mG2a-f,
which more efficiently recruits NK cells via FcyRlla
engagement, thereby boosting antibody-dependent
cellular cytotoxicity (ADCC) against HER2+ BC.
These findings underscore that mAb engineering, in-
cluding bispecific formats, can directly enhance NK-
cell recruitment and cytotoxicity in patients with
BC 119,

More recently, DF1001, a HER2-targeted tri-specific
NK-cell engager therapy (TriNKET), has been shown
to recruit both NK and CD8+ T cells. In a phase
I study (NCT04143711) involving patients with BC,
DF1001 treatment led to increased NK- and T-cell in-
filtration, elevated pro-inflammatory cytokines, and
durable clinical responses, with a clinical benefit rate
of approximately 40 % and partial responses last-
ing up to 13 months. These data position TriNKETs
as a promising next-generation antibody-based ap-
proach to overcome immune evasion and augment
NK-driven anti-tumor immunity in BC'",122,

The inhibitory checkpoint receptor CD85j
(LILRB1/ILT2) is overexpressed on NK cells in
TNBC, where it significantly impairs cetuximab-
mediated ADCC. Functional blockade of CDB85j
with the HP-F1 mAb has been shown to restore
NK cytotoxicity, with the degree of restoration
correlating with CD85j expression levels, thereby
selectively enhancing the lysis of TNBC cells

without affecting HLA-I-negative targets '?3.
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Engineering of NK Cells / CAR-NK Cell
Therapy

Adoptive cell therapy (ACT) is an advanced
immunotherapeutic approach in which patient-
derived T cells or natural killer (NK) cells are
reinfused to

isolated, expanded ex vivo, and

potentiate anti-tumor immunity. A particularly
promising ACT modality involves genetic modifica-
tion of effector cells with chimeric antigen receptors
(CARs) — synthetic receptors that redirect immune
specificity toward tumour-associated antigens
(TAAs) and thereby increase the precision and cyto-
toxic potency of the transferred cells (NCT02844335,
clinicaltrials.gov; registered 1 January 2016).

In breast cancer (BC), HER2 and epidermal growth
factor receptor (EGFR) are the best-characterised
CAR-NK' targets. HER2-directed CAR-NK cells
suppress growth of HER2-positive BC xenografts
and can overcome tumour-derived inhibitory sig-
nalling '?*. These data have led to a phase I clinical
trial (NCT04319757, clinicaltrials.gov; registered 18
March 2020) evaluating the safety and preliminary
efficacy o f H ER2-CAR-NK c ells i n HER2-positive
solid tumours, including BC.

Likewise, EGFR-targeted CAR-NK cells demonstrate
potent pre-clinical activity against triple-negative
BC models '%°. Incorporation of co-stimulatory sig-
nalling domains into the CAR architecture further
improves NK-cell expansion, in-vivo persistence and
cytokine secretion, thereby augmenting therapeutic

efficacy %6,

Cytokine Therapies

Cytokine-based therapy has the potential to re-
verse tumor-induced immunosuppression, thereby
permitting b reast c ancer cells to be d etected and
eliminated by NK cells. Conventional interleukin-
2 (IL-2) monotherapy is limited by significant toxi-
city and its propensity to expand regulatory T cells
(Tregs), which suppress NK-cell function. Levin et
al. (2012) engineered an IL-2 “superkine” with higher
affinity for IL-2RB, thereby improving stability and
efficacy w hile e liciting minimal t oxicity compared
with wild-type 1L-2177.

Interleukin-15 (IL-15) is particularly effective at pro-
moting NK-cell proliferation and functional acti-
vation (Table 2).

15 administration induced a marked efflux of NK

In clinical studies, systemic IL-

cells into the bloodstream, followed by hyperpro-
liferation that produced a ten-fold expansion of
the NK-cell compartment '28,12° Combinatorial ap-
proaches have further improved outcomes: [L-21

combined with IL-15 stimulates interferon-y (IFN-y)
release, enhancing the tumor-killing capacity of NK
cells 130,131 132

Because IL-15 monotherapy can induce dose-

dependent toxicity '3

, next-generation IL-15 deriva-
tives and superagonists have been developed to sus-
tain NK-cell activation with improved safety pro-
files (NCT02384954, NCT04136756, NCT04616196).
The IL-15 superagonist complex ALT-803 (N-803) has
demonstrated reduced toxicity in early-phase tri-

als 134,

Moreover, combining immune-checkpoint
blockade with N-803 has shown promise in aug-
menting antitumor immune responses in ovarian
cancer and may represent a novel strategy for breast
cancer (BC), which currently lacks an FDA-approved

immune-checkpoint inhibitor 135,136,

OTHER THERAPIES

Epigenetic modulators such as histone deacetylase
inhibitors (HDACis) and DNA methyltransferase in-
hibitors (DNMTis) can reverse epigenetically medi-
ated silencing of the antigen-processing machinery
(APM). A study exploring the combination of these
epigenetic agents with immune-checkpoint block-
ade demonstrated that restoration of major his-
tocompatibility complex (MHC) class | expression
sensitises breast cancer (BC) cells to immunother-
apy 3,197,

Beyond epigenetic reprogramming, several sig-
nalling pathways that contribute to natural killer
(NK)-cell dysfunction have been proposed as ther-
apeutic targets; for example, inhibition of the
PI3K/Akt/GSK-33/ROS/elF2B axis may enhance
NK-cell function in BC, although
tractability is still under early investigation. Com-
bining NK-cell-based immunotherapy with GSK-3f

or NOX4 inhibitors, which regulate reactive oxy-

its clinical

gen species (ROS) production, may further im-

57, Blockade of a disin-

prove treatment outcomes
tegrin and metalloproteinases (ADAMs) with neu-
tralising antibodies significantly reduces tumour-
cell proliferation, underscoring their role in tu-
mour growth and epidermal growth factor recep-
tor (EGFR) signalling—pathways already exploited
in BC therapy ',

Finally, a combinatorial strategy employing
EGFR-chimeric antigen receptor (CAR) NK cells—
engineered to recognise EGFR-expressing BC
cells—together with a self-replicating oncolytic
herpes simplex virus type 1 (oHSV-1) has been
This
approach enables oHSV-1 to lyse residual can-

designed to enhance therapeutic efficacy.

cer cells that are EGFR-negative or EGFR-low,
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Table 2: Clinical Trials Investigating Immunotherapeutic Approaches Targeting NK Cells in Breast Cancer

Clinical Trial Study status/Phase Condition Drug Enroll-
1D ment
NCT04319757  Completed / Phase 1 HER2-positive ACE1702 (anti-HER2 oNK cells) 12
Metastatic BC

NCT02844335  Completed / Phase 1 Advanced BC Cryosurgery and NK 60
&2 Immunotherapy

NCT02843204  Completed / Phase 1 HER2-positve BC Anti-PD-1 Pembrolizumab and NK 110
&2 Immunotherapy

NCT02926196 Active, not TNBC Anti-PD-L1 antibody (Avelumab) 474

recruiting / Phase 3
NCT03941262  Completed / Phase 1 Metastatic Cancer, SNKO1 (autologous NK cells) + 27
Recurrent Cancer Avelumab or Pembrolizumab
NCT02614833  Completed / Phase 2 Metastatic Breast Eftilagimod alpha + Paclitaxel 242
Carcinoma
NCT05385705  Recruiting / Phase 1 Refractory Metastatic Trastuzumab and Pertuzumab 20
HER2+ BC
NCT05686720  Not Yet Recruiting / Advanced TNBC SZ011 CAR-NK cell 12
Early Phase 1

NCT02839954 Unknown / Phase 1 TNBC Anti-MUC1 CAR-pNK cells 10
&2

NCT02843126 ~ Completed / Phase 1 Recurrent BC Trastuzumab + NK Immunotherapy 30
&2

NCT06026657  Recruiting / Phase 1 Metastatic GD2+ TGFBi NK Cells + Naxitamab 42
&2 HER2- BC

NCT02536625 Completed / Metastatic BC (HR+ / Everolimus (NK cell modulation) 62

Observational HER2-)

NCT04143711 Recruiting/ Phase 1 HER2+ solid tumor HER2/CD16/NKG2D combined with 378
&2 pembrolizumab

NCT04307329  Completed/ Phase 2 HER2+ solid tumor Combination of monalizumab and 12

which would otherwise evade NK-cell detection.
Moreover, oHSV-1 up-regulates activating ligands
and promotes NK-cell infiltration and functional
activation within the tumour microenvironment
(TME) 126,139,

CHALLENGES AND FUTURE
DIRECTIONS

Despite the promising advances in immunotherapy,
several barriers still hinder the clinical translation
of NK-cell-based treatments in breast cancer (BC).
A major obstacle is the tumor’s intrinsic and adap-
tive resistance to NK-cell-mediated cytotoxicity. BC
cells can down-regulate activating ligands, secrete
immunosuppressive cytokines, and up-regulate in-
hibitory checkpoints such as HLA-E and PD-L1. Pro-
longed therapeutic pressure may further induce re-
ceptor shedding or NK-cell exhaustion, thereby di-
minishing long-term efficacy. Tumor heterogeneity

trastuzumab

introduces an additional layer of complexity; dis-
tinct BC subtypes, such as triple-negative breast
cancer (TNBC) and HER2-positive disease, display
variable expression of NK-activating or inhibitory
ligands. This heterogeneity not only modulates im-
mune surveillance but also affects responsiveness to
immunotherapy.

Another critical challenge is the limited lifespan,
poor persistence, and insufficient tumor infiltra-
tion of adoptively transferred NK cells within the
hostile tumour microenvironment (TME). This lim-
itation is exacerbated by the accumulation of im-
munosuppressive cells, including regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs),
and tumour-associated macrophages (TAMs), which
inhibit NK-cell function through direct cell-cell in-
teractions and soluble mediators.

Multiple innovative strategies are under inves-

tigation to overcome these escape mechanisms
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and enhance targeting specificity, including
next-generation chimeric antigen receptor (CAR)-
NK' cells, bispecific or trispecific killer engagers
Further-

engineering cytokine-fusion proteins or

(BiKEs/TriKEs), and oncolytic viruses.
more,
extracellular-vesicle-encapsulated cytokines may
sustain NK-cell activation within solid tumours. A
deeper understanding of the intricate interactions
between NK cells and other immune populations
will support the rational design of combination
regimens. Finally, the integration of multi-omics
datasets with artificial intelligence (Al) has the
potential to accelerate biomarker discovery and
facilitate patient stratification for personalised

immunotherapy.

CONCLUSION

In summary, tackling the multifaceted immune eva-
sion strategies employed by BC requires a multi-
disciplinary and patient-specific approach, posing a
major challenge to immunotherapy. Continued re-
search into the molecular drivers of NK-cell dysfunc-
tion, along with innovation in therapeutic design,
will be essential for maximizing the therapeutic ef-
ficacy of NK-cell-based therapies. Advances in cy-
tokine engineering, checkpoint inhibition, and CAR-
NK-cell therapies offer promising solutions, but suc-
cess will depend on personalized, multimodal ap-
proaches that reprogram both the tumor and its mi-

croenvironment.
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